Genetic variance and covariance components of aerial dispersal behaviour, fecundity and sex ratio in a population of the two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), were estimated by half-sib and full-sib analyses. Additive genetic variation was detected for the dispersal behaviour, but not for fecundity or sex ratio. The observed phenotypic variation and covariation were largely explained by non-additive genetic variation and maternal effect or common environmental variation. The existence of additive genetic variation in aerial dispersal behaviour was likely the result of opposing selection on latency or underlying traits of the behaviour, and not indirect selection on fecundity or sex ratio. Lack of significant genetic correlation between the three traits may indicate that they share few genes or underlying morphological and/or physiological traits in common. The results suggest that aerial dispersal behaviour may be an adaption to unpredictable environments.
Introduction
Genetic variance-covariance matrices of fitnessrelated traits partly determine the phenotypes of an organism and impose constraints on life history evolution (Lande, 1982; Travis etal., 1987; Charnov, 1989) . Therefore, analysis of genetic variation and covariation in such traits may be the first step to better understanding evolutionary response of the organism to natural selection imposed by the environment. Some lifehistory theories predict that correlations between fitness-related traits are usually negative because of antagonistic pleiotropy (e.g. Rose, 1982) . Recent studies on such traits indicate the existence of genetic variation and covariation and support this theory (Rose & Charlesworth, 1981; Palmer & Dingle, 1986; Kasule, 1991; Gu & Danthanarayana, 1992) . However, other theories suggest that either positive, negative, or even no correlations may exist (e.g. Houle, 1991) , and some studies have found correlations that are positive or zero rather than negative (see Rose et al., 1987) .
Recent theoretical studies suggest that the existence of low additive genetic variation in life-history traits may *Correspondence be inevitable because of their high residual variation (Price & Schluter, 1991; Houle, 1992) . Obviously, more quantitative genetic studies on fitness-related traits are needed to understand the mechanism(s) of life-history evolution. The results of such studies can provide insight into the possible developmental and physiological nature of the relationship among correlated traits and suggest further study that may lead to more understanding of the evolutionary processes and consequences (Scharloo, 1987; Riska, 1989) .
Rapid development, high fecundity and survivorship, and the ability to locate better environments by dispersal are thought to be the key elements in the lifehistory of organisms that depend on temporary or ephemeral resources (Southwood, 1962; Parsons, 1983) . The two-spotted spider mite, Tetranychus urticae Koch, is a phytophagous species that exploits and appears to be adapted to using a series of temporary hosts. The mite reproduces by arrhenotoky; that is, unfertilized eggs give rise to haploid male offspring, whereas fertilized eggs produce diploid females. Mated females produce both fertilized and unfertilized eggs (Helle, 1967) . Under normal conditions, sex ratio is female-biased (usually 3:1) (Krainacker & Carey, 1990) , and each mated female may produce 50 or more female offspring, which contribute to a high rate of population increase. The two-spotted spider mite is a fast developing organism; at optimum temperature for development (i.e. 30-32°C), the mite can complete a life cycle in about 8-12 days (Jeppson et a!., 1975) .
When the food resource is depleted, mites, predominantly young and mated adult females, in the presence of both light and wind, may disperse aerially on air currents to surrounding areas and build up new colonies rapidly (Smitley & Kennedy, 1985) . These characteristics, combined with high environmental variability generated by frequent disturbance in crop systems, make T. urticae a good subject for a study of life-history evolution. The presence research was the first attempt at such a study on this species.
The objectives of this study were to: (i) assess the genetic variation in aerial dispersal behaviour, fecundity, and sex ratio; and (ii) estimate the genetic and phenotypic correlations between these traits. All of these fitness-related traits are likely to be under strong natural selection (Falconer, 1981) , which may maintain low genetic variation as measured by the narrow sense heritability. The results of this study may provide insight into the nature of the genetic constraints on the response of these characters to selection and environmental influence on evolutionary process.
Materials and methods
The two-spotted spider mites used in this study came from a laboratory colony that had been maintained at -27°C on lima bean plants, Phaseolus lunatus L., for about 9 months prior to the experiment. The colony was established with mites collected in April 1991 from vetch plants under peach trees at the Sandhills Experiment Station, Jackson Springs, North Carolina.
Experimental design and procedures
Experiments were set up as a standard sib design.
Offspring sired by the same male constituted a paternal half-sib family, and offspring produced by the same female formed a full-sib family nested within male families. There were 38 males in the experiment, and six females were mated to each male. All measurements of aerial dispersal behaviour, fecundity, and sex ratio were made to their offspring. Newlyemerged virgin females and 1-day-old virgin males were used for successful sib mating. To ensure that mites were virgins prior to mating, male and female quiescent deutonymphs, a stage -I day prior to adult at 27-29°C, were collected on moderately infested bean leaves from the laboratory population. The collected mites were separated by sex and kept on detached bean leaves, with abaxial surfaces up, pressed on wet cotton in petri dishes. On the emergence of mites into adults, males were placed individually on a detached bean leaf, and six females were provided to each male for 18 h. Each female was presumably mated, because 1-dayold males can mate up to 15 females a day (Krainacker & Carey, 1988) . Mating status was determined by examining sex ratio of offspring; male-only families were assumed to represent non-mated mothers. The presumably mated female mites were transferred onto two-leaf stage bean plants that were grown individually in pots (10 cm diameter). The plants were moved from greenhouse to laboratory where conditions were 16:8 LD, 29 1°C, and 30 per cent RH. Leaves were assigned to mites at random, and a small amount of tanglefoot (The Tanglefoot Co., Grand Rapids, Michigan) was applied to the petiole of each leaf to prevent mites from wandering off. Mites were individually reared on the first foliage leaves that provided each full-sib family with adequate space and nutrition for development. Mothers were removed from the leaves 8 days later because the eggs laid on the first day were about to develop into the adult stage, and the majority of eggs had been laid within the first 8 days (Krainacker & Carey, 1989) . Soon after the removal of the mothers, the leaves were cut from the plants and set on top of new leaves rested on wet cotton in trays for offspring collection.
Measurements of aerial dispersal behaviour were made on about six 1-day-old adult female offspring from each full-sib family, because such mites are dominant dispersers (Smitley & Kennedy, 1985) .
Aerial dispersal behaviour was defined as a mite raising its front body and forelegs and facing away from the light under test conditions for at least 5-10 s (Smitley & Kennedy, 1985) , and it was measured in latency, i.e. the number of minutes between the start of the test and the display of the behaviour. The test was conducted at about 28°C, 30 per cent RH, 7 1-73 cm/Hg barometric pressure, and under laboratory conditions described by Margolies (1987) . Wind at 1.5 ms1 was produced by a window fan set 1 m from the test arena on a table, and a light source was provided by a 100 watt incandescent light bulb set on top of the fan. The test arena was made of a piece of wood 45 X 11 X 2 cm (length x width x height) coated with black paint. Then, 26 pieces of plastic slides (2.3 cm2), also coated with black paint, were glued onto the top of the wood in two rows. The slides were arena cells and were isolated by tanglefoot to prevent mites from walking between the cells during a test. Prior to a test, a maximum of six adult female offspring from each full-sib family was collected from the bean leaves and kept on fresh bean leaf discs separated by family. A few hours later, they were transferred onto the arena with one family per cell. A test followed immediately after the transfer, and the mites were subjected to test conditions continuously for 4 h, because a preliminary study indicated that most mites would display the behaviour within that time. Each family was tested twice on different days. A mite that showed the behaviour was removed from the arena and kept individually on a bean leaf disc (1 cm diameter), and its latency was recorded. Some mites (less than 5 per cent) did not show the behaviour during the test, therefore, they were excluded from any analysis. To measure fecundity and sex ratio, two female offspring from each full-sib family saved from the test on aerial dispersal behaviour were reared on bean plants in a similar manner to their mothers. Their offspring were counted, and sex was determined at maturity.
Estimation of heritability and correlation
To normalize the data for analysis of variance, aerial dispersal behaviour and fecundity were subjected to square-root transformation, whereas sex ratio, the proportion of female to total offspring, was transformed into an arcsine-square-root scale (Sokal & Rohlf, 1981; Ott, 1984) . All analyses were based on the transformed data, except that means and standard deviations of the three characters were estimated based on the original scale of measurement.
Because our data were unbalanced, i.e. the number of offspring differed among full-sib families and the full-sib families also differed among half-sib families, the SAS GLM procedure (SAS Institute Inc., 1987) was used to perform the analysis of variance of the three characters. The observed variances due to male, female, and offspring were estimated by using Type I mean squares and the coefficients of their expectations from the analysis of variance (as in Becker, 1975) . The SAS NESTED procedure can provide the same estimates, but without a significance test of each variance component. The causal components of variance were estimated from the theoretical relationships between genetic variance and observed variance among halfand full-sib families for a haplodiploid system (see Appendix). Although fractions of variable epistatic variations are included in the observed variances (see Table 4 , Appendix), they are usually ignored because of difficulties in estimating them (Falconer, 1981) .
Additive genetic variance, which was the main object of the analysis, can be estimated by VA= 2u. Nonadditive genetic variance plus maternal effect (VNA+M) and residual environmental variance (Va) as a single value ( VNA÷M + Ve) can be estimated by cr + u-o; however, they cannot be estimated individually, because 2a -= V+ 2 VM and 2o&-u = V + 2 J', respectively, assuming there is no epistatic variance. However, by assuming VD =0, the minimum value of non-additive genetic variance plus maternal effect can be estimated as
and, by assuming VM =0, the maximum value can be estimated as t"NA+M max = 2u -u.
(2) Likewise, when VNA±M is maximum the minimum value of residual environmental variance can be estimated as jz _ 2 _ 2 eminW UD (3) and, when VNA±M is minimum, the maximum value of residual environmental variance can be estimated as
where c is the observed variance due to male, a is the observed variance due to female, u, is the observed variance due to offspring, VA is additive genetic variance, VD is dominance genetic variance, VM is maternal effect including pre-and post-natal influences, Ve is residual environmental variance, VNA+M is non-additive genetic variance plus material effect, and subscripts mm and max indicate the minimum and maximum values of corresponding variance.
For analysis of covariance, the SAS MEANS procedure was used to estimate the cross products associated with male, female, and offspring between the three characters. The observed covariances due to male, COVE, female, COVD and offspring, COV, were estimated by using the cross products determined from the analysis of covariance and the coefficients of mean square expectations from the analysis of variance (Becker, 1975) . The same results can be obtained from SAS NE5TED procedure without a significance test. Interpretation of the observed covariance components is the same as that of the observed variance components, except using COV (e.g. CO VA) instead of V (e.g.
T') (Becker, 1975) . Heritability in the narrow sense, defined as laj Vp, was estimated for each trait. Estimations of heritability were based on the analysis of variance (Becker, 1975; Falconer, 1981) . Because the data were unbalanced, a sampling variance of V.j V is difficult to estimate without massive algebra (Searle, 1987) . Therefore, only point estimates of heritability were given by = VJ V, (Falconer, 1981) . Standard errors of the heritabi]ities were estimated by an approximation for moderately unbalanced design (Swiger er al., 1964) . Significance levels were determined by the probability under normal distribution. A non-parametric method, the Jack-knife technique (Efron, 1982) , was also used to estimate heritability, providing two separate estimates of the heritahilities. Because heritability of a trait is also a population parameter and its estimation is based on variances due to male and female, the half-sib family is then the basic unit on which the Jack-knife technique is performed. To obtain Jack-knife estimates, a heritability based on all half-sib families, h11 ,was first estimated. Then, each half-sib family was omitted once, and a corresponding heritability h (for i= 1, 2, . n)
was estimated with the remaining n -1 half-sib families. A total of n Jack-knife pseudo-values were estimated by
where n is 38 half-sib families in this study. The mean and standard deviation of the pseudo-values were the Jack-knife estimates of heritability and its standard error. The Jack-knife estimates are conservative in the sense that the estimated variances are greater than the true variances (Efron, 1982) .
Estimation of genetic and phenotypic correlations were based on the analysis of variance and covariance (Becker, 1975; Falconer, 1981) , and the standard general formula, r COJ7Xy)/( VAR(x) X VAR(y))'2, was used. For additive genetic correlation estimates (rA) and broad sense genetic correlation estimates (rG), the variances and covariances due to male and female of an appropriate pair of characters were substituted into the formula. Phenotypic correlations (re) were estimated by using phenotypic variances and covariances of appropriate pairs of characters. Because both variance and covariance components were estimated from unbalanced data, we were unable to estimate sampling variances of correlations (Searle, 1987; Riska, 1989) , and only point estimations of correlations were made by the standard method. The same results also can be obtained from the SAS NESTED procedure. To have more confidence in the estimates of correlations, two approximate methods also were used. First, the Jack-knife technique as described above was used by applying the formula for genetic correlation estimation instead of that for heritability. Second, Pearson's product-moment correlations were estimated based on weighted half-sib family means, weighted full-sib family means, and individual offspring values. The estimates based on half-or full-sib family means used the variances and covariances between males or among females; therefore, they represent estimates of additive or broad sense genetic correlations (Via, 1984) . The estimates based on individual offspring values used the phenotypic variances and covariances, so they represent estimates of phenotypic correlations. The Pearson's product-moment correlation approximation has an advantage over the standard method in that the significance of the correlation estimates can be tested.
Results

Means and heritability estimates
An average of 4.1 female mites was successfully mated to each of the 38 males used in this study. From each resulting full-sib family, an average of 5.2 adult female offspring was measured for aerial dispersal behaviour. In the analyses of fecundity and sex ratio, an average of 3.5 full-sib families each with 1.6 adult female offspring was used for each half-sib family. Means and standard deviations of aerial dispersal behaviour, fecundity, and sex ratio are given in Table 1 . Heritabilities of the three traits estimated by both the standard method and the Jack-knife technique are also reported. The heritabilities estimated by the two methods agree well for all traits. The heritability of aerial dispersal behaviour is significant, whereas the heritahilities of fecundity and sex ratio are not distinguishable from zero.
Causal components of variances
Observed variances of the three traits were partitioned into causal components ( Table 2) Genetic and phenotypic correlations Table 3 presents genetic and phenotypic correlations and standard errors estimated by the standard method, h2 and SE. = estimated by standard method and Jackknife technique with associated probability of significance P. Causal components were estimated by means described in the methods.
Materials and
= observed variance due to male; a =observed variance due to female; = observed variance associated with offspring; a = phenotypic variance. VA = additive genetic variance; VNA+M = nonadditive genetic variance plus maternal effect; Ve = residual environmental vasriance. Both minimum and maximum values of VNA÷ M and V are given. Minimum VNA÷M and maximum V, or vice versa, have to be chosen to reach total phenotypic variance with VA.
the Jack-knife technique, and approximation by Pearson's product-moment correlation on half-sib family means, full-sib family means, and individual offspring values. Correlations estimated by all three methods agree reasonably well, although the Jack-knife technique tends to give larger standard errors. Because the estimate of observed variance in sex ratio due to male, a, was negative (Table 2) , the additive genetic correlations between aerial dispersal behaviour and sex ratio and between fecundity and sex ratio cannot be Table 3 Additive genetic correlation (rA),broad sense genetic correlation (rG) and phenotypic correlations (re) and standard errors between aerial dispersal behaviour, fecundity and sex ratio estimated by the standard method, the Jackknife technique, and correlation on 38 half-sib family means, 134 full-sib family means, and on pooled data of 215 for phenotypic correlation with associated probability of significance ( between the three characters are not significantly different from zero by any of the three estimations.
Neither broad sense genetic correlation nor phenotypic correlation between the three characters is significant.
Discussion
Heritability and genetic correlation analysis can predict the response of given traits to short-term selection, identify functionally integrated traits and, therefore, provide insight into the nature of genetic constraints on the response (Endler, 1986; Clark, 1987; Maynard Smith, 1989) . Because variance-covariance matrices of given traits are functions of genotypes and environments, their values may change in magnitude and even in sign (for covariance) if measured in a different environment, at a different development stage (Via, 1984; Kasule, 1991) , or at a different population state approaching optimal equilibrium (Price & Schiuter, 1991) . Results of quantitative genetic studies are only statistical abstractions without knowledge of associated biological and environmental properties (Scharloo, 1987; Riska, 1989) . Therefore, they must be interpreted in an ecological context, because the organism's environment determines the selective regime under which even the variance-covariance matrix itself may be subject to selection (Travis et al., 1987; Dingle, 1991) . Because the sample size in our study was relatively small, i.e. only 38 half-sib families, and our mite population may have undergone adaptation to laboratory conditions during the maintenance of 9 months prior to this study, interpretation of the results should be cautious, even though genetic parameters were estimated by two or three different methods that reached similar conclusions.
The significant heritability of aerial dispersal behaviour in T urticae found in this study (Table 1) indicates that this behaviour can respond to strong selection imposed by the environment. Crop systems that are subjected to frequent natural and imposed disturbances, such as host senescence, harvesting, and even pest destruction, may impose opposing selection on aerial dispersal behaviour through alternations of good and poor host plant qualities. In an unsuitable environment, such as a heavily infested area, a mite may have a better chance of locating suitable host plants by responding to the unsuitability promptly and, therefore, be favoured by selection over slow responders. However, in a suitable or good environment, such as a newly-colonized plant, early dispersal would not necessarily lead the mite to a better food resource, and the mite would have a greater chance of being lost. Therefore, short latency of the behaviour, or over-sensitivity to infestation, may be selected against. Although crop systems are highly disturbed, environmental stability is likely to last at least several generations for newly colonized mites, and rapid response of the behaviour to direct selection can occur within that time (Li & Margolies, unpublished data (Southwood, 1962; Stearns, 1976; Parsons, 1983) .
Aerial dispersal behaviour in T urticae may he correlated with morphological, physiological, and life history traits; therefore, additive genetic variation in this behaviour may be maintained by selection of one or some of these traits or on different traits in different phases of selection. However, the fact that our study did not reveal the existence of genetic correlations between aerial dispersal behaviour, fecundity, and sex ratio (Table 3) indicates that the existence of additive genetic variation in the behaviour is not a result of correlated selection on the latter traits. This finding, and the rapid response to direct selection (Li & Margolies, unpublished data) , suggest that aerial dispersal behaviour may be selected directly by nature through the underlying morphological or physiological traits.
The large amounts of non-additive genetic variation and maternal effect in fecundity and sex ratio (Table 2) significantly reduce the proportion of additive genetic variation in total phenotypic variation. This may account for the lack of heritability in the two traits.
Maternal effects on phenotypic variation in insects and other animals have been documented by many researchers (e.g. Falconer, 1965; Janssen et af., 1988; Learny, 1988) . Such effects on life-history traits in T urticae have also been observed; for example, strains and individual females have significant effects on sex ratio (Mitchell, 1 972; Young et a!., 1986) . The significant amount of non-additive genetic variance and common environmental effects in fecundity and sex ratio (40-80 per cent) revealed in this study may be partly responsible for the maternal influence on the T urticae sex ratio observed by these researchers.
Because no significant heritability of fecundity and sex ratio was found in this study ( (Riska, 1989; Price & Schluter, 1991) . In addition, these traits may have been under strong and continuing directional selection which resulted in fixation of genetic variation. The lack of any correlation between sex ratio and aerial dispersal or fecundity and aerial dispersal suggests that indirect selection will not affect sex ratio or fecundity either. Our results agree with previous studies that indicate heritability and genetic coi relation of life-history and behavioural traits are generally smaller than those of morphological traits (see Roff & Mousseau, 1 987) .
In nature, non-additive genetic variance and common environmental effects on fecundity, sex ratio, and aerial dispersal behaviour in T urticae may have an even greater effect than we observed in a controlled environment. The two-spotted spider mite is an aggregated species (Broudreaux, 1963; Mitchell, 1973) in which individuals, usually relatives, tend to feed in groups and leave the feeding site only after a food resource has been exhausted. In the early stages of colonization, most dispersed individuals are likely to live with their offspring. Their eggs are produced in a confined area on host leaves, and irnmatures usually develop in that area (Mitchell, 1973) . Therefore, the pattern of eggs being produced may determine the microenvironment in which the immatures develop and, in turn, affect every individual in the family. For example, population density has significant negative effects on mite developmental rate, survivorship, sex ratio, fecundity, and body size at maturity (Mitchell, 1973; van Impe, 1984) . Clearly, knowledge of mite field ecology is essential to fully understanding its quantitative genetics and adaptation to its environment.
